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ABSTRACT
The biowerables constitute one of the fastests growing sectors of the medical device industry.
Novel approaches for rapid prototyping have increased design and development speeds.
However, in vivo testing that is currently used for many medical devices makes testing
time-consuming, costly, and presents ethical issues. As an alternative, benchtop testing tools
promise to alleviate these concerns. Artificial tissue phantoms that are capable of mimicking the
characteristics of human tissues are required for demonstrating a medical device’s safety and
efficacy in benchtop tests. While there are many hydrogels that are able to mimic these relevant
properties of human tissue, creating a protective layer which has chemical, electrical, and
mechanical properties similar to skin has remained challenging. The goal of this project was to
create an artificial skin layer that can be used in biowearable testing. Our team aimed to create
this skin phantom using cost effective and accessible materials that can be paired with a tissue
phantom to create a complete artificial phantom for biowearable testing.
We tested materials to obtain an artificial layer with electrical and physical properties that
aligned with human skin. After much testing, and inspired by the fruit skin, we were able to find
that wax paper is able to serve as a skin phantom when used in conjunction with agarose gel. By
placing a sheet of wax paper over an agarose gel, a complete skin phantom was generated. We
tested this complete phantom to characterize its electrical behavior and created an electrical
system that is able to be used as a cost-effective, rapid, and repeatable testing method. We
showed that the skin significantly reduces the water transport, providing a protective layer for
biowearables.

2

ACKNOWLEDGEMENTS
As with most engineering projects, this was a collaborative effort. We would like to thank the
following people for their contributions to this project:
● The G-Tech Medical Team, Steve Axelrod, Anand Navalgund, and Lindsay Axelrod,
for their invaluable industry mentorship
● Our advisors, Dr. Araci and Dr. Asuri , for their guidance and dedication to both our
learning and the project’s success

3

TABLE OF CONTENTS
Abstract

2

Acknowledgments

3

Table of Contents

4

List of Figures

5

List of Tables

6

Chapter 1: Project Introduction

8

1.1. Introduction to Wearable Medical Devices

8

1.2. Electrophysiological Signals of the Human Body

8

1.3. Need for Benchtop Testing Options

9

1.4. Monitoring Gastrointestinal Signals

9

1.5. The G-Tech Patch System

10

1.6. Current G-Tech Testing System

11

1.7. Issues With Current Benchtop Testing Tool

12

1.8. System Requirements

12

1.9. Project Goal

13

Chapter 2: Characteristics of Skin

14

2.1. Function of Skin

14

2.2. Skin Equivalent Circuit

14

Chapter 3: Doped PDMS Skin Phantom

16

3.1. Polydimethylsiloxane as Skin Phantom

16

3.2. PDMS Doping Agents

16

3.3. Fabrication of Doped PDMS Patches

17

3.4. Outcome of PDMS Patches

18

3.5. Analysis of Doped PDMS Thin Films

19

3.6. Potentiostat Background

20

3.7. Comparing Impedances: PDMS, CB PDMS, vs. Agarose

20

3.8. Characterization of BaTiO3 PDMS

22

Chapter 4: Fruit and Vegetable Skin Phantom
4.1. Rationale

24
24

4

4.2 Fabrication

24

4.3 Electrical Characterization

24

4.4 Preliminary Conclusions

27

Chapter 5: Wax Paper Skin Phantom

28

5.1. Rationale

28

5.2. Potentiostat Measurement of Wax Paper Over Time

29

5.3. Electrical Characterization of Wax Paper

30

5.4. System Stability Over Time

32

Chapter 6: Professional Standards and Realistic Engineering Constraints

34

6.1. Economic

34

6.2. Ethics

34

6.2. Manufacturability

35

6.2. Budget Constraints

35

6.2. Time Constraints

35

Chapter 7: Conclusion

36

7.1. Project Summary

36

7.2. Future Work

36

7.3. Lessons Learned

37

5

LIST OF FIGURES
Figure 1: Market growth in the wearable medical device sector
Figure 2: Common electrophysiological signal measurements
Figure 3: The G-Tech Medical patch system overview
Figure 4: The G-Tech Medical patch system overview
Figure 5: Drawing of the phantom box integrating copper tape and hydrogel
Figure 6: Patch before and after being placed on agarose
Figure 7: Equivalent circuit of human skin/connective tissue
Figure 8: Graph of the increasing conductivity and dielectric constant of doped PDMS
Figure 9: Thin film patch of CB doped PDMS
Figure 10: PDMS thin film testing
Figure 11: Doped PDMS thin film testing
Figure 12: Impedance equation
Figure 13: Amplitude of Impedance for a common RC circuit
Figure 14: Amplitude of Impedance Graph of Agarose, PDMS and CB PDMS
Figure 15: Amplitude of Impedance Graph of Agarose and CB PDMS
Figure 16: Amplitude of Impedance of Agarose, Apple Skin, and 11% CB 50% BaTiO3
PDMS
Figure 17: Amplitude of Impedance of Agarose, Apple Skin, Sweet Potato Skin, and 11%
CB 50% BaTiO3 PDMS
Figure 18: Drawing of phantom box setup for fruit and vegetable skin testing
Figure 19: Patch Readings for Agarose, Apple Skin, and Sweet Potato Skin
Figure 20: Electrical Characterization of Agarose, Sweet Potato Skin, and Apple Skin Patch
Readings
Figure 21: Structure of Plant Skin
Figure 22: SEM of Printer Paper vs. Parchment Paper
Figure 23: Amplitude of impedance vs. frequency graph of baseline agarose and wax paper
from 0 hours to 6 hours
Figure 24: Amplitude of impedance vs. frequency graph of baseline agarose and wax paper
from 1 hour to 6 hours
Figure 25: Schematic of wax paper testing on G-Tech setup
Figure 26: Agarose and Wax Paper data from G-Tech application
Figure 27: Average signal amplitude from G-Tech application for agarose and wax paper
Figure 28: Testing setup for system stability
Figure 29: Hydrogel swelling over time
Figure 30: Graph of hydrogel swelling over 24 hours directly on agarose (blue) and with
wax paper separating hydrogel from agarose (red)

8
9
10
11
12
12
14
17
17
18
19
19
20
21
22
24
24
25
26
26
27
29
30
31
31
31
32
32
33
33

6

LIST OF TABLES
Table 1: Dielectric Constants of Materials

16

7

CHAPTER 1: PROJECT INTRODUCTION
1.1. Introduction to Wearable Medical Devices
One of the highest growing sectors in the medical device industry is wearables. Over the
past 10 years this market sector has seen exponential growth, which is only expected to continue.
As of 2021, the market size was about 6.9 billion and is expected to increase to at least 196.5
billion by 2030 [1]. These devices such as smartwatches or rings, activity trackers, and various
patches are able to continuously monitor patients in a non-invasive manner. This allows minimal
interference in the patient’s life while providing a means to monitor health and even treat
conditions. Popularity of wearable medical devices has taken off due to the practicality and ease
of use associated with them. Wearables can be used both as diagnostic devices as doctors can use
data collected to determine issues within the body or therapeutic devices as patients and doctors
can monitor their data continuously to inform when therapies need to be administered.

Figure 1: Market growth in the wearable medical device sector [1]
1.2. Electrophysiological Signals of the Human Body
The vast majority of wearable devices rely on reading electrophysiological signals
emitted by the human body. Electrophysiological signals show the electrical activity of the body
which can give us immense insight into its functioning [2]. Common examples of
electrophysiological signals include EEG, ECG, and EMG. EEGs, or electroencephalogram,
involves electrodes placed on the head to determine brain function and assist in neurological
8

disorder diagnosis or therapeutically as neuromodulation devices. ECG, or electrocardiogram,
traditionally uses electrodes placed on the chest to monitor electrical signals from the heart.
However, now wearable devices allow for ECG measurements from the ear, wrist, or finger.
EMG, or electromyogram, utilizes various electrode placements based on the need to monitor the
electrical impulses from various muscles across the body. Common places are over large muscle
groups such as the abdomen to monitor digestive health or electrodes placed on the thigh to
monitor strength of leg muscle.

Figure 2: Common electrophysiological signal measurements
1.3. Need for Benchtop Testing Options
Given the growth of the wearable medical device industry there has been significant
innovation in the area. Due to technological developments in microfluidics, CnC mills and 3D
printing prototyping has become faster than ever [3]. However, the testing component of
wearable medical devices has remained challenging. Current testing options for wearable
medical devices largely depend on in vivo models on animals and humans as well as in vitro
options on cadavers in order to receive their FDA approval. However, these options are costly,
time consuming, prone to variability and provide ethical concerns [4].
1.4. Monitoring Gastrointestinal Signals
With this industry wide shortcoming for medical device testing, Santa Clara University
was fortunate to partner with G-Tech Medical, a start-up here in the Bay Area, to help them
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develop a new method of accelerated testing. G-Tech Medical works to monitor the
gastrointestinal system. Digestive disorders and diseases affect about 15% of the US population
[5]. Moreover, these digestive disorders, ranging from irritable bowel syndrome to inflammatory
bowel disease, cause over 40 million clinical visits a year [5]. In addition to independent
digestive disorders, post abdominal surgery patients also experience digestive dysfunction as a
common complication. Abdominal surgeries can lead to the development of ileus, which is a
temporary lack of normal muscle contractions of the intestines [6]. This condition will extend
hospital stays and increases the cost of care tremendously. Unfortunately, even in the 21st
century, gastrointestinal (GI) diseases are very hard to detect and diagnose. There are no current
measurement tools that are able to monitor and process GI data. G-Tech Medical, a Silicon
Valley startup, aspires to solve this problem with their novel biowearable patches. G-Tech
Medical is developing a non-invasive medical technology consisting of wireless, wearable
electrode patches, a smartphone app that collects raw data from the patches via bluetooth, and a
data analysis algorithm that processes and quantifies the motor activity of the digestive organs.
This patch system was designed to aid in the monitoring of gut motility and in diagnosing gut
abnormalities. It is G-Tech’s vision to improve outcomes and reduce costs associated with GI
conditions, transforming the landscape of GI related patient care.

Figure 3: The G-Tech Medical patch system overview [5]

10

1.5. The G-Tech Patch System
The G-Tech system allows the patient to view their GI function through a smartphone app
which allows real-time monitoring. To take these EMG measurements of the gut, the G-Tech
system consists of three patches. These patches each contain four electrode pairs which are used
to make EMG measurements, or measurements of the electrical impulse generated by the GI
tract. Each electrode is housed in a hydrogel to ensure good skin contact and transmission of GI
electrical signals. These patches are placed across the patient abdomen to monitor the distinct
electrical impulses generated by the colon, small intestine, and stomach.

Figure 4:A. Smart phone app view of G-Tech patch system B. Close-up of patch. C. Patch
placement along the abdomen. [7]
1.6. Current G-Tech Testing System
Last year, the Gastrointestinal Myoelectric Phantom Santa Clara senior design team was
able to make an agarose based tissue phantom [8]. This system was composed of three aspects:
phantom is composed of three parts: a hydrogel, an electrical system, and a box. The agarose
hydrogel was chosen as it was able to match the dielectric properties of human tissue, due to its
high water content, and as such transmit electrical impulse in a similar manner. The box was
used to contain the phantom and combine the electrical and material components. Finally, the
bottom surface of the box contained a copper tape pattern. The conductive hydrogel sits on the
copper tape, forming a closed circuit that the electrical signal can travel through as they are
generated from a function generator. This complete phantom system is depicted in Figure 5.
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Figure 5: Drawing of the phantom box integrating copper tape and hydrogel [8]
1.7. Issues With Current Benchtop Testing Tool
This system, however, causes the hydrogels that encase the G-tech patch electrodes to
swell. Over time, the agarose secretes water which is then absorbed by G-Tech patch hydrogels
as both of these materials are hydrophilic. As such, this system does not allow for extended
testing of the G-Tech patch system.

Figure 6: A. Patch before being placed on agarose. B. Patch with swollen hydrogels after being
placed on agarose.
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1.8. System Requirements
A solution was needed to stop the hydrogels from swelling and allow for longterm testing
on the phantom box. Observing the patch system in vivo became the blueprint for this problem.
In vivo, the hydrogels do not swell. This is because the hydrogels are not directly on the high
water content abdominal muscle tissue. Instead, there is a layer of skin between the muscle tissue
and the patch. Human skin does a great job of containing moisture and shields the hydrophilic
hydrogels from water. On top of this, the electrical properties of human skin and abdominal
tissue are fairly close and can transmit electrical signals effectively. These two factors allow
G-Tech’s patch system to work in vivo. Applying this knowledge to our benchtop testing tool, a
skin like layer needs to be added between the G-Tech patch and agarose to serve as a barrier for
swelling and allow for transmission of electrical signals.
1.9. Project Goal
This project aims to develop an artificial skin layer that can be used in a tissue phantom
platform. Through working with G-Tech Medical to refine the benchtop testing system they
currently utilize, this project will aim to develop an in silico testing system that is able to mimic
the electrical and physical properties of the human abdomen. This model should be used as a
method to validate the G-Tech patch system, as well as other medical devices that detect
electrophysiological signals from a patient's skin.
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CHAPTER 2: CHARACTERISTICS OF SKIN
2.1. Function of Skin
Human skin is a complex organ that carries out many vital functions for the body. First
and foremost, it is a protective barrier against mechanical, thermal, and physical substances as
well as injury. It also acts as a sensory organ and reduces harmful effects of UV radiation. These
functions alone are impossible to live without, but human skin also has a function that is
pertinent to this project: preventing loss of moisture. Human skin is known to be hydrophobic,
keeping water out of our body, while also keeping our bodily fluids inside. We tend to take this
for granted, this is essential for our well being. Although it is not considered a main function of
skin, the electrical permeability of skin is also relevant here. Human skin helps transmit electrical
signals in the body from the muscles directly below. In fact, skin acts as a capacitor and can
change the amount of current it can flow based on the voltage. In this project, we are looking to
emulate the hydrophobic nature of skin as well as the capacitive nature to keep the adhesive
hydrogels on the G-Tech patch from swelling while still transmitting an electrical signal.
Achieving this will bring us one step closer to a universal skin phantom that can be used on all
benchtop testing tools.
2.2. Skin Equivalent Circuit
The electrical characteristics of human skin and tissue are important to observe.
Literature reviews showed us the equivalent circuit of skin and connective tissue depicted in
Figure 6.

Figure 7: Equivalent circuit of human skin/connective tissue as adapted from [11]
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As shown in Figure 7, the equivalent circuit of skin and connective tissue is a simple RC
circuit. RC circuits have two components: resistors and capacitors. Using this knowledge, we
intuitively observed these two parameters of our skin layer: resistance and capacitance. In order
to do this, we varied both the conductance and the dielectric constant of our skin layer. The
conductance and the dielectric constant are both directly related to the resistance and capacitance
of our system and are integral to give us the matching electrical properties we need for an ideal
skin layer.
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CHAPTER 3: DOPED PDMS SKIN PHANTOM
3.1. Polydimethylsiloxane as Skin Phantom
With the system requirements of serving as a protective layer to prevent patch swelling as
well as serving to mimic the electrical and physical properties of skin polydimethylsiloxane, or
PDMS, was identified as a viable material to investigate. This silicone polymer has many of the
requirements necessary for our system as this silicone is able to make a flexible hydrophobic
layer [12]. Additionally, this polymer is easy to work with and relatively cost effective.
However, PDMS has poor electrical properties. From Table 1 the discrepancy between
human abdominal tissue, skin, and agarose to PDMS is evident [13]. The relatively high
dielectric constants of human tissue, skin, and agarose demonstrate their ability to transfer and
hold electrical charge. However, the low dielectric constant, or low relative permittivity, means
that PDMS is not able to transfer or hold electrical charge and instead works as an insulator.

Table 1: Dielectric constants of materials [13 ]
3.2 PDMS Doping Agents
With the understood electrical characteristics of human skin our team decided to add
doping agents to the PDMS to enhance its electrical properties. Both carbon black, CB, and
barium titanate, BaTiO3, were identified as potential agents to enhance the desired electrical
properties of PDMS.
Carbon black was identified as it is able to increase the conductivity of PDMS as it is
incorporated and Barium titanate was identified to increase the dielectric properties of PDMS, or
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its capacitance [14]. The correlation between the addition of these doping agents to PDMS and
their respective electrical properties is illustrated on Figure 8. In this way both the resistive and
capacitive element of human skin were able to be addressed.

Figure 8: A. Graph of the increasing conductivity of PDMS as % of CB is increased [15]. B.
Graph of increasing dielectric constant of PDMS as BaTiO3 is added [16 ].
3.3 Fabrication of Doped PDMS Patches
Both of these compounds are able to be bought in a powdered solid form, and as such
both are able to be mixed into PDMS while it is in a viscous liquid state. All PDMS samples
were made with a 10:1 ratio of Part A to Part B to create patches with mechanical characteristics
similar to that of skin. Then to ensure an even distribution of these doping agents, every sample
was mixed for 5 minutes to create uniform electrical characteristics throughout each sample.
Razor blades were then used to spread the doped liquid state PDMS into thin films ranging of
approximately 100 micron. Samples were then all cured at 80 degrees celsius for a minimum of
an hour to generate our flexible thin film patches.

Figure 9: Thin film patch of CB doped PDMS
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3.4 Outcome of PDMS Patches
To test the PDMS patches created, first a baseline was taken of the G-Tech patch on
agarose. We first set up the patch directly on the agarose, from this clear sinusoidal waves were
generated that we were able to detect from the function generator through the agarose by the
patch. These sinusoidal waves can be seen in Figure 10 B. Next the patch was placed on top of a
patch made out of PDMS, this setup is illustrated in Figure 10 A. As we expected, the electric
impulses generated by the function generator were no longer able to be detected. Instead the
PDMS patch was blocking the patch from getting the signal and instead what the readout seen in
Figure 10 C is random spikes in voltage that are background noise.

Figure 10: A. Testing Setup used for PDMS thin film. B. Readout seen when G-Tech patch is
placed directly on agarose. C. Readout seen when patch is placed on PDMS patch.
After verifying the controls of the G-Tech patch on agarose and on the PDMS thin film,
our group proceeded to test the G-Tech patch on thin films of PDMS doped with both CB and
BaTiO3 to see if our patches with enhanced electrical characteristics would allow for the
transmission of electrical impulses through them to be detected by the patch. Unfortunately
neither of these doping agents were able to give us the electrical properties we needed
Instead what was seen was only random spikes or voltage detected. As depicted in Figure 11 B
and Figure 11 C both our patches doped with CB and BaTiO gave readouts of random voltage
spikes resembling those seen in Figure 11 C when the patch was placed on a film made solely of
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PDMS. From this it was concluded that from both doping methods only background noise was
observed and as such they were not able to transmit electrical impulses from the agarose through
the patch.

Figure 11: A. Testing Setup used for doped PDMS thin film. B. Readout seen when patch is
placed on CB doped PDMS film. C. Readout seen when patch is placed on BaTiO3 doped PDMS
film.
3.5. Analysis of Doped PDMS Thin Films
After our stumble with the doped PDMS skin phantoms, we had to take a step back. We
believed that one of these would’ve worked. We decided to change gears and figure out why
these doped PDMS skin phantoms didn’t work. To do so, a new way of electrical
characterization was needed; specifically to characterize the change of the parameters that we
varied. We looked to quantitatively measure how we changed the conductance and the dielectric
constant and in order to do this, we needed to quantitatively measure resistance and capacitance.
Research showed us that we could use impedance to measure both resistance and capacitance as
they are all related in Figure 12.

Figure 12: Impedance equation
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From here, we just needed a device that could measure impedance. We were able to get
our hands on a potentiostat to measure the impedance of our skin phantoms.
3.6. Potentiostat Background
A potentiostat is simply a device that measures currents and potentials. It does this by
keeping the potential of one working electrode at a constant level with respect to the reference
electrode. Taking this one step further, characterizing a common amplitude of impedance graph
for an RC circuit directly correlates with our project. A common amplitude of impedance graph
of an RC circuit is shown below.

Figure 13: Amplitude of impedance for a common RC circuit [17]
It is important to note the shape of the curve; high resistance at low frequencies and low
resistance at high frequencies. This characterizes capacitive behavior. Capacitive behavior is
what we want to see in our skin phantoms to match the electrical properties of skin/tissue.

3.7. Comparing Impedances: PDMS, CB PDMS, vs. Agarose
After obtaining the potentiostat, the first thing we did was measure the impedance of
agarose, our baseline. To get the best electrical permeability through the skin layer, we needed to
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match the impedance of agarose so as to get no reflection of the signal. Following this, we
measured PDMS and CB PDMS to observe why they didn’t work as our skin phantom.

Figure 14: Amplitude of Impedance Graph of Agarose, PDMS and CB PDMS
Figure 14 specifically characterizes the stark difference between CB PDMS and the other
impedances. The behavior of the graph does not mirror the behavior of the common RC circuit
amplitude of impedance graph shown in Figure 14. This supports the fact that PDMS is not
capacitive. On top of this, the impedance of PDMS is magnitudes larger than agarose or CB
PDMS. High impedance means low conductivity, which was expected from PDMS. In this case,
the PDMS distorts both the behavior and impedance of agarose and CB PDMS, so it is important
to analyze those substrates separately.
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Figure 15: Amplitude of Impedance Graph of Agarose and CB PDMS
Removing PDMS from the graph makes the ideal behavior of agarose a lot clearer. The
behavior of agarose shows capacitive behavior and mirrors that of a common RC circuit. This
further supports the claim that we want to imitate this behavior in order to fabricate an ideal skin
phantom. Stepping away from agarose, it is important to look at the behavior of CB PDMS.
Although this shows no capacitive behavior, it is noteworthy how much the CB enhanced the
conductivity of the thin film. Nevertheless, the lack of capacitive behavior supports why the CB
PDMS films did not work as our skin phantoms.
3.8. Characterization of BaTiO3 PDMS
The failure of BaTiO3 PDMS especially stumped us because it is known to be a
ferroelectric ceramic that increases the dielectric constant of whatever it is integrated into. We
figured this would play in our favor, but unfortunately, it didn’t. However, after literature
reviews, we found that barium titanate is both frequency and temperature dependent. Dielectric
constants of BaTiO3 have been reported as low as 3 and as high as 1250 at low frequency low
temperatures and high frequency high temperatures respectively [9]. This knowledge could’ve
helped us immensely, but unfortunately our G-Tech patch only works with very low frequencies,
so we had to abandon this promising doping agent.
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CHAPTER 4: FRUIT AND VEGETABLE SKIN PHANTOM
4.1 Rationale
Given that the PDMS films doped to manipulate the conductive and dielectric properties
were unsuccessful, we focused on understanding the structures and functions of human skin and
how we could best emulate this in other manners. The purpose of human skin is to provide a
protective barrier and prevent water loss from the body [18]. Since we did not have easy access
to excised human skin or skin grafts, we concentrated our efforts on finding materials that
worked similarly. We then realized that fruit and vegetable skin have many parallels with human
skin in that both are dynamic materials that are protective in nature and help the organism
maintain equilibrium.
4.2 Fabrication
In particular, our group decided to investigate the properties of apple and sweet potato
skin. The easiest way to isolate these materials was first to score the respective fruit or vegetable
and then place it in a pot of boiling water for 20-30 minutes or until the inside flesh was soft.
After removing the apple and sweet potato from the boiling water, we scooped the flesh out with
a spoon and scraped any excess remnants of the flesh from the skin using a knife. Recognizing
there was still some water remaining in the skin, we also blotted the isolated skins for at least 12
hours before we conducted further testing.
4.3 Electrical Characterization
4.3.1 Potentiostat Results
We tested the apple and sweet potato skins individually on the potentiostat setup used for
understanding the dielectric properties of the PDMS thin films we doped with carbon black and
barium titanate. As seen in Figure 16, the data indicated that apple skin closely mentioned the
conductivity of the agarose as it had a similar amplitude of impedance. Additionally, it mimicked
the dielectric properties of the agarose as the amplitude of impedance decreased as frequency
increased. This indicates that apple skins were successful in displaying the capacitive behavior of
agarose. Our data also clearly contrasts the performance of apple skin and 11% CB 50% BaTiO3
PDMS. Unlike agarose, the doped PDMS’s impedance remains stagnant and does not change
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with time meaning it is not capacitive in nature. Thus, we were unable to match the impedance of
our tissue layer.

Figure 16: Amplitude of Impedance of Agarose, Apple Skin, and 11% CB 50% BaTiO3 PDMS
When looking at Figure 17, we see the amplitude of impedance between sweet potato
skin and agarose is magnitudes apart. Therefore, we conclude that sweet potato skin is not
mimicking the conductivity of agarose as closely as agarose. From the graph, it is clear that
sweet potato skin also does display capacitive behavior via the downward trajectory relative to
frequency.

Figure 17: Amplitude of Impedance of Agarose, Apple Skin, Sweet Potato Skin, and 11% CB
50% BaTiO3 PDMS
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4.3.2 G-Tech Setup Results
Encouraged by these results, we gathered data from our G-Tech test setup as well. We
altered our setup by using the sweet potato skin and apple skin as our intermediary, substitute
skin layer between the agarose layer and G-Tech Patch (Figure XYZ).

Figure 18: Drawing of phantom box setup for fruit and vegetable skin testing
When the G-Tech patch is placed directly on agarose we get four clear sinusoidal waves.
We found that when we have apple skin between the agarose and G-Tech patch this waveform is
amplified. Moreover, when sweet potato skin is placed between the agarose and G-Tech patch,
the signal is diminished (Figure 18).

Figure 19: Patch Readings for Agarose, Apple Skin, and Sweet Potato Skin
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We further characterized these results by conducting three trials of testing per substrate.
Apple skin seemed to make the signal 2-3 times stronger than our baseline agarose
measurements (Figure 19). Our current hypothesis for this amplification is that the apple skin is
better matching the impedance and dielectric properties of the G-Tech patch than the plain
agarose is.

Figure 20: Electrical Characterization of Agarose, Sweet Potato Skin, and Apple Skin Patch
Readings
4.4 Preliminary Conclusions
Given the success of apple skin in particular on the Electrical Characterization of
Agarose, Sweet Potato Skin, and Apple Skin Patch Readings
G-Tech setup, we further analyzed the structure of plant skin to understand why it
worked. Research shows that apple skin essentially has a two layer structure (Figure 20). The
first layer is a water transportation layer provided by the lamellate-reticulate region. The reticular
region contains polysaccharide microtubules that allow for water transpiration [19]. This layer is
of particular importance as it allows the apple skin to transmit the electrical properties of the
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agarose by absorbing water from the agarose. The second layer is hydrophobic and waxy in
nature which is provided by the epicuticular wax layer [20]. This wax layer also contains
microcracks and lenticels which allow for the diffusion of some water to outer layers of the apple
skin where the G-Tech made contact [19, 21]. Thus, wet electrodes placed on apple skin for
testing purposes will not experience swelling or distortion of the signal being received.

Figure 21: Structure of Plant Skin [22]
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CHAPTER 5: WAX PAPER SKIN PHANTOM
5.1 Rationale
Given the success of apple skin, we focused on how we could simulate the two layer
system identified to develop our own solution. We found that wax paper could be this solution.
The base of wax paper is paper meaning it would allow for water transportation. Paraffin wax is
then incorporated between the individual fibers of the paper and coated on either side to
ultimately create wax paper [23, 24]. The addition of paraffin wax limits the transportation of
water to the wearable device being tested.

Figure 22: SEM of Printer Paper vs. Parchment Paper [25]
5.2. Potentiostat Measurement of Wax Paper Over Time
We immediately tested our new skin substitute on the potentiostat. The chart is shown in
Figure 23.
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Figure 23: Amplitude of impedance vs. frequency graph of baseline agarose and wax paper from
0 hours to 6 hours
Initially, at 0 hours, the wax paper performed very differently from the other test times.
It’s behavior was not conductive and not capacitive. Interestingly enough, the graph behaved
exactly like PDMS. Due to 0 hours being magnitudes larger than any of the other times, all other
test times are characterized by the red line. Removing 0 hours gives us a clear picture of how
wax paper acts after contact with the agarose, as depicted in Figure 24.
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Figure 24: Amplitude of impedance vs. frequency graph of baseline agarose and wax paper from
1 hour to 6 hours
The behavior of the wax paper completely changes from 0 hours. Contact with the water
based agarose makes the wax paper capacitive and it also brings the impedance closer to that of
our baseline. On top of this, an equalizing period was observed as the impedances bounced
around between 3 and 6 hours before stabilizing. The change in behavior of wax paper on the
potentiostat showed extremely promising results for us and filled us with confidence that we
came one step closer to finding our skin phantom.
5.3. Electrical Characterization of Wax Paper
After our success on the potentiostat, we wanted to put wax paper to the test on our
G-Tech setup, as shown below.
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Figure 25: Schematic of wax paper testing on G-Tech setup
With the wax paper between the G-Tech patch and agarose, we put a sinusoidal signal
through the copper tape and used the G-Tech application to view our findings.

Figure 26: Agarose (left) and Wax Paper (right) data from G-Tech application
As shown above, comparing our results to our baseline, the wax paper successfully
permeated the signal through to the G-Tech Patch. The clear sinusoidal signals prove that wax
paper can mimic the electrical properties of skin. From here, we characterized the sinusoidal
data, and found that the wax paper not only permeated the electrical signals, but the signals were
actually amplified. Figure 26 illustrates this point.
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Figure 27: Average signal amplitude from G-Tech application for agarose (blue) and wax paper
(red)
Much like apple skin, our signals are clearly amplified in a majority of the channels on
the G-Tech patch. We believe that this is from the impedance matching of the wax paper between
the agarose and the G-Tech patch. The matching of impedances allows for less reflected signal
and gives a pure signal that can be seen as amplified. Following these positive results, our next
step was to characterize how long the wax paper would perform this well.
5.4. System Stability Over Time
With the promising electrical characterization data from the wax paper skin phantom our
team turned towards analyzing the system stability over time. The original project goal was to
produce a skin like layer to protect the G-Tech patch from absorbing water from the agarose gel.
To test if this goal had been achieved, we first placed a hydrogel, similar to the hydrogel used on
the G-tech patch sensor, directly on top of agarose. We then took a second hydrogel and placed a
piece of wax paper in between it and the agarose. This testing setup can be seen in Figure 28 .

Figure 28: Testing setup for system stability
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To analyze the results visual inspection as well as quantitative measurements were used.
From Figure 29 it was clear that qualitatively there was less swelling from the hydrogel that was
protected from the agarose by a layer of wax paper. Then quantitatively, measurements of weight
were taken of the hydrogel aver 24 hours to observe the water absorption. Looking at Figure 30,
graphically it is evident as well that the wax paper was able to diminish the water absorbed into
the hydrogel and limit the swelling. This confirms that the wax paper is protecting the hydrogel
and diminishing the water absorption of the hydrogel over time.

Figure 29: A. Hydrogel before swelling. B. Typical Hydrogel Swelling (Post-48 Hours). C.
Hydrogel Swelling with Wax Paper (Post-48 Hours).

Figure 30: Graph of hydrogel swelling over 24 hours directly on agarose (blue) and with wax
paper separating hydrogel from agarose (red)
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CHAPTER 6: PROFESSIONAL STANDARDS AND REALISTIC ENGINEERING
CONSTRAINTS
As Santa Clara University students, we aim to engineer with conscience, competence and
compassion. Therefore, our device is meant to be a low-cost but stable solution for benchtop
testing of devices that take in electrophysiological signals.
6.1 Economic
As discussed in Section 1.3, current in vivo test methods can be very costly. Animal
testing in particular can range from $1,000 to $700,000 depending on the size and length of the
study [26]. Therefore, testing is a financial barrier for many biowearable startups. Some
companies turn to in vitro test methods which can range in price. The cheaper alternatives that
still cost hundreds of dollars often are not able to emulate the complexity of the body. Thus, it is
difficult for innovators to refine their product. There are phantoms that are able to mimic the
nuances of the human tissue and skin; however, they cost roughly $20,000 [26]. The solution we
have designed is quite frugal in contrast as it would cost less than $100 to recreate the entire
system.
6.2 Ethics
Many biowearable devices are tested on animals which can cause immense discomfort,
pain or even death. This testing is often justified under the guise of benefiting the “greater good”
as once the medical device is perfected and released on the market it has the potential to help
millions of people. Another perspective on this issue is that conducting testing on animals is
inherently wrong. In fact, there has been a big push recently for animal rights to completely stop
animal testing altogether. Thus, we should never conduct such testing no matter the
circumstances or outcomes.
This approach naturally leads us to the need for tissue phantoms which would reduce the
need for animal testing while ensuring a product is properly tested before released for the public
to use.
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6.3 Manufacturability
Through our project we have developed a cost-effective and easily manufactured test
setup. The fabrication of such a device can be done in a low-resource environment as one only
needs basic lab equipment for the tissue portion of the setup and access to any local grocery store
to find wax paper for our substitute skin layer. Additionally, the process we designed requires
under an hour of hands-on time to create making it relatively fast to create. This is advantageous
for startups, like G-Tech interested in such testing.
6.4 Budget Constraints
This engineering project was funded through the Santa Clara University School of
Engineering. Our team was given $1500 to purchase equipment and materials. While our
anticipated cost was $1500, we ended up only spending $300. We ended up being able to borrow
much of our equipment from the bioengineering labs on campus as well as from our industry
partner G-Tech Medical. Additionally, we opted for inexpensive materials such as agarose as
well as household items such as fruit and vegetable as well as wax paper. This cut our costs
significantly from our initial proposed budget.
6.5 Time Constraints
This 10 month project required careful planning to meet the deadlines proposed by the
school of the Senior Design Conference as well as the expected results from our industry partner.
As such, our team set weekly meetings to ensure that we were keeping on track with our
proposed ideas. Additionally, due to all of our busy schedules our team utilized weekends as a
time to come into the lab together for extended periods and perform the long term testing that our
design needed.
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CHAPTER 7: CONCLUSIONS
7.1. Project Summary
The Skin Phantom for Wearable Medical Device Testing works as an added component to
an agarose tissue phantom to create a full representative model of human tissue and skin. This
benchtop model serves as a valuable tool for testing wearable medical devices. The skin phantom
is able to mimic the physical and electrical properties that wearable medical devices encounter
when they are used on human patients and as such this phantom is able to be used to alleviate the
need for in vivo testing of wearable medical devices. Through utilizing wax paper as our skin
phantom and agarose for tissue our team has been able to generate a cost effective and easy to
use system for wearable medical device testing.
This system was optimized using the G-tech Medical patch system to aid them in the
testing of their wearable medical device. This system allows them to take long term
measurements in an in silico model as opposed to the traditional in vivo method. This system,
however, may be used with many other wearable medical devices that similarly take
measurements from the skin surface. This gives our human skin phantom many applications
beyond the G-Tech Medical system.
7.2. Future Work
The work accomplished in the first prototype of a skin phantom is foundational for
further development. There are many routes for further optimization of the skin phantom as well
as ways to add more applicability to other medical devices.
Many improvements may be made to this testing apparatus, one route being through
optimizing the wax paper used. Given that there is still significant water transport through the
wax paper and to the G-Tech patch, through generating DIY wax paper where the amount of wax
can be optimized to diminish this water transport while still allowing signal permeation through
to the wearable being tested. This optimization would continue to increase the testing duration
that the combined skin and tissue phantom would allow without water damage being sustained to
the device being tested.
Another route to improve the skin phantom would be to continue testing other
semi-permeable materials. Examples of these materials include dialysis membranes. Dialysis
membranes are composed of materials with various sized microscopic pores which allow some
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transport through the material but at a highly limited rate [17]. As such, dialysis membrane may
serve as an alternate option to manipulate the level of water transport, and thusi electrical
impulse transport from the tissue phantom to the wearable medical device being tested.
Finally, this design may be further optimized in ease of use through integrating these
systems. Currently the phantom design consists of two distinct layers: the agarose to represent
the human tissue and the wax paper which serves as the human skin. Through attempting to
integrate these components into one cohesive unit, this in silico model can be further simplified
and provide a more consistent and easy to use model.
7.3. Lessons Learned
We learned many valuable lessons through working on this senior design process. The
largest being how to deal with undesired results. Given our team's initial disappointment with the
failure of our doped PDMS models for a skin phantom we learned the hard lesson that what may
work on paper does not always work experimentally. From this experience we further had to
develop our resilience and creativity to come up with a new wave of ideas that ultimately
allowed us to come to our discovery of wax paper as a skin phantom. Through refining our
literature search skills and embracing our engineering creativity we were able to recover from
our initial disappointment and create an even more elegant and accessible skin phantom model
for wearable medical device testing.
Additionally, our team learned how to work together despite challenges with managing
various schedules and commitments. Through utilizing our technology resources we were able to
meet and communicate despite travel, dealing with COVID cases, and various time
commitments. This further allowed us to use our time together in lab and in person meetings to
our fullest advantage.
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